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S 1 abstract 

rvq Optical resonant niicrocavities with ultra high quality factors are widely used for 

biosensing. Until now, the primary method of detection has been based upon 

' jy» ' tracking the resonant wavelength shift as a function of biodetection events. 

O One of the sources of noise in all resonant-wavelength shift measurements is the 

■4-^ noise due to intensity fluctuations of the laser source. An alternative approach 

M^ is to track the change in the quality factor of the optical cavity by using phase 

shift cavity ring down spectroscopy, a technique which is insensitive to the in- 
tensity fluctuations of the laser source. Here, using biotinylated microtoroid 
resonant cavities, we show simultaneous measurement of the quality factor and 
the wavelength shift by using phase shift cavity ring down spectroscopy. These 
r^ ' measurements were performed for disassociation phase of biotin-streptavidin re- 

Qh action. We found that the disassociation curves are in good agreement with the 

previously published results. Hence, we demonstrate not only the application 

fvj of phase shift cavity ring down spectroscopy to niicrocavities in the liquid phase 

^ but also simultaneous measurement of the quality factor and the wavelength 

^D shift for the microcavity biosensors in the application of kinetics measurements. 

m 

m 

"^ 2 Introduction 

m 

^^ The last two decades have seen tremendous progress towards the development of 

^N real time, label free and miniature optical biosensors. Researchers have demon- 

. . strated numerous techniques based on the surface plasmon resonance, inter- 

^ ferometers, waveguides, niicrocavities, optical fibers, and photonic crystals [1]. 

Among these different approaches, the large photon lifetime (Quality factor of 

10^ — 10^) of microcavities makes them a strong candidate for ultrasensitive 

Cd biosensing, as the circulating photons will sample a biodetection event many 

times. The first microcavity biosensor was demonstrated by Vollmer et. al [2] 
in 2002, in which they detected proteins by measuring change of the resonant 
wavelength of a microsphere as a function of the binding event. Since then re- 
searchers have transitioned the microcavity-based sensors towards diagnostics 
platforms and protein behavior detection [3, 4]. 
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Until now, the majority of work using microcavity biosensors focused on 
correlating the change in the resonant wavelength to a biodetection event on 
the surface of the microcavity. However, the binding event will also influence 
the photon lifetime or the ring down time (and hence quality factor) of the 
microcavity [5]. Apart from few instances, where quality factors have been 
determined based upon linewidth measurements [6, 7], researchers have not 
sought to measure this property, and thus important information about the 
biodetection event is lost. Moreover, in all configurations of the microcavity 
biosensors used so far, random intensity fluctuations of the laser source add noise 
into the final measurement and hence the overall performance of the biosensor 
is degraded [8, 9]. These issues can be overcome by using the microcavity as 
the key component in a phase shift cavity ring down spectroscopy (PS-CRDS) 
measurement. 

Cavity ring down spectroscopy (CRDS) was first demonstrated in 1984 by 
Anderson et. al [10] in which laser light was injected into a free space optical 
cavity and after reaching a predefined transmission level at the cavity output, 
the laser was switched off by using a Pockels cell. The decay rate of the output 
light was then correlated with reflectivity of the mirrors. In 1988, O'Keefe et. al 
[11] transformed CRDS into a sensing method by measuring the absorption of 
molecular oxygen filled in a free space optical cavity. Since that time, many vari- 
ants of the original CRDS technique have been demonstrated, and now CRDS 
is a well established technique for absorption measurements in gaseous phase 
[12]. One of the major advantages of this technique is its insensitivity to the in- 
tensity fluctuations of the laser source, since the decay rate is measured instead 
of the absolute intensity of the ring down time signal [12]. However, in order to 
extract the decay rate, fitting algorithms are applied [13] to the ring down time 
signal, and as a result, a noise term is added to the final result. To overcome 
the fitting noise whilst remaining insensitive to the intensity fluctuations of the 
laser source, PS-CRDS can be used. This technique was first developed by Her- 
belin et.al [14] for measuring reflectance of mirrors and then later Englen et. al 
[15] successfully applied it to investigate the absorption of vibration states of 
molecular oxygen. In PS-CRDS, intensity modulated light is injected into the 
cavity which undergoes a phase change and decrease in modulation depth as it 
comes out of the cavity. Both of these parameters are related to the ring down 
time of the cavity. 

With the success of CRDS in gaseous phase, the technique is also emerging 
as a new way for performing absorption measurements in the liquid phase [16] 
and for biosensing [17]. The first application of CRDS biosensing involved a 
resonator made of an optical fiber with couplers at its ends[18]. In this work, 
the researchers used taper section of the fiber as a sensing medium where the 
evanescent tail of the cavity modes interacted with the analyte molecules. An 
alternative, inexpensive design is the use of fiber in a loop with a gap between 
the two ends for the insertion of a micro-fluidic chip. Loock et. al. applied 
PS-CRDS to the fiber loops to detect ^M concentrations of chemicals in liq- 
uid samples [19]. However, fiber loop cavities have significantly lower quality 
factors than silica spheres or toroidal microcavities, resulting in significantly 



shorter photon Ufetimes. Thus, by combining the advantages of PS-CRDS with 
an ultra-high-Q microcavity transducer, this sensing modaUty will be greatly 
improved. With this motivation, Barnes et.al [20] applied PS-CRDS to silica 
microspheres for determining their losses in air. To determine the ring down 
times, they did linear curve fitting of phase change as a function of modulation 
frequency. Such a measurement requires the use of a small angle approxima- 
tion of Eq. (9) (see section 2.1) and will be marginally correct for only small 
phase changes. The experimental scheme that was employed is not well-suited 
for biosensing application as it is not possible for that setup to track the qual- 
ity factor or the resonant wavelength, as a function of a biodetection event, at 
multiple modulation frequencies. Therefore, the goal of our research is to show, 
1) the application of PS-CRDS to microcavities in the liquid phase, and 2) to 
simultaneously track changes in the quality factor (ring down time) and the 
resonant wavelength shift as function of a biodetection event by PS-CRDS in a 
microcavity biosensor. 

In our work, we used a bioconjugated [21] microtoroid optical resonator [22] 
to specifically detect unbinding of streptavidin (Fig. 1). We tracked both change 
in the Q and the resonant wavelength by using PS-CRDS and we found that 
the disassociation curves of biotin-streptavidin are in good agreement with the 
previously published results. 

3 Phase shift cavity ring down spectroscopy (PS- 
CRDS) 

3.1 Theory 

Following the similar procedure as outlined in [12, 15] for free space optical 
cavities, PS-CRDS equations for a microcavity coupled with a tapered optical 
fiber can be developed. The intensity modulated light entering the fiber can be 
represented by : 

I'lnput = ^(1 + amput sinujt) (1) 

where a is the modulation depth and lu is the modulation frequency. 
Depending upon the coupling regime [23], a fraction of light will be coupled 
to the microcavity. If /i represents the uncoupled light and I2 represents the 
coupled light, then the modulated light entering into the microcavity can be 
written as: 

Icavtty = ^2(1 + ainput sinwi) (2) 

If T represents the ring down time of the microcavity, then its impulse response 
will be: 

h{t)^C expf--) (3) 



Therefore intensity at the fiber output will be 

Ioutput{t) = /l(l + a„iput Sinojt) + I cavity * h{t) (4) 

= /i(l + a^nput sinwt) + C* / /2(1 + ai^put si\iuji)exp f -^ j(a!S 

where t is dummy variable for performing convolution. Under steady state 
conditions [23] for a microcavity coupled with a tapered fiber, the value of C 
can be found by applying the principle of conservation of energy, i.e. total 
intensity coupled to the cavity in a time interval must be equal to the intensity 
coupled out in that time interval i.e. 

C I hexp(-^-^\di - h (6) 

^C = \ (7) 

Therefore, 

Ioutput{t) = /i(l + a.nput sinujt) + /2(1 + aoutput sm{ujt + (j))) (8) 

where, 

tan 4> = —LOT (9) 

O^input fin's 

Cloutput — , „ = V-'-Uj 

Vl + UJ'^T^ 

Hence, the ring down time (r) of the microcavity can be found by taking the 
ratio of in phase and out of phase sinusoidal components at the fiber output. 
The quality factor then can easily be extracted by the following relation: 

Q - v^^^ (11) 

^resonant 

where Xresonant IS the resonant wavelength of the microcavity. 

3.2 Experimental Setup 

In the conventional PS-CRDS experiments with the free space cavities, a lock- 
ing technique, such as Pound-Drever-Hall [24] technique, is used for locking the 
laser frequency to the cavity mode. Such locking techniques can also be applied 
to microcavities [25]. However, locking the laser to the microcavity for biosens- 
ing means that information about the shift in resonant wavelength will not be 
measured; at the same time, if the locking technique is not used, then the ring 
down time can not be measured because the microcavity resonance wavelength 
will shift due to the biodetection event. We have developed a novel experimental 
setup to overcome these difficulties. The experimental setup is shown in Fig. 1. 
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Figure 1: (a) Experimental Setup, FG - Function Generator (b) Magnified view 
of the microacquarium. A cover slip is placed 2mm (approx.) above the mi- 
crocavity chip holder with a spacer to form the microacquarium. (c) Scanning 
electron microscope (SEM) image of the microtoroidal cavity 



A tapered fiber [26] is used to evanescently couple the light from the CW 
tunable laser centered at 633nni into the microtoroidal cavity with a 105/xm 
(6fj,m) major (minor) diameter. The microtoroidal cavity is covalently func- 
tionlized with biotin [21]. The bioconjugated cavity is immersed in the PBS 
microacquarium to ensure the biostability and bioactivity of the biotin layer 
and subsequent protein, and the setup is then flushed with 6mL of fresh PBS. 
We then inject InM of streptavidin via syringe pump at the rate of 50fj,L/min. 
After 7 minutes of the injection, we switch off the syringe pump and start track- 
ing the change in the Q and the resonant wavelength. As shown in previous 
works [23], the quality factor is very dependent on the coupled input power, 
which is controlled by the coupling gap. Therefore, all measurements are per- 
formed in contact at the same position on the cavity. We also monitor depth 
of the peaks to make sure that it remains constant throughout the recording 
phase. Therefore, changes in coupled input power do not play a role in the 
change in the Q [23] in the present measurements. The procedure of tracking 
the ring down time and the resonant wavelength involves the following process: 

A function generator (FGi) with triangular wave output (lOOmHz, IV peak- 
to-peak) continuously modulates the wavelength of a tunable laser (New Focus, 
Velocity Scan 633nm tunable laser) to generate the resonant peaks as shown in 
Fig. 2a. The peaks are labelled as Forward Scanning Peaks (FSP), and Back- 
ward Scanning Peaks (BSP). After locating a resonant peak, a second function 
generator {FG2) is switched on (13MHz, 4V peak-to-peak) to provide sinu- 
soidal modulation of the laser intensity. After switching on both of the function 
generators, the phase shift between a reference sinusoid (sinusoidal modulated 
intensity of the laser before coupling) and the sinusoid at the fiber output is 
continuously recorded. In such a scan, there will be phase shifts only at the res- 
onant peaks (Fig. 3). The same values of the phase shifts at the FSP and BSP 
indicate that there is no difference in the FWHM widths of the two peaks and 
hence any nonlinear effects are negligible [2 7], an important consideration for 
the biosensing experiments. The values of the peaks are the phase shifts which 
correspond to the ring down time (and hence Q) and positions of the peaks 
correspond to the resonant wavelength. Both of them can easily be extracted 
by further signal processing of the captured data. 

4 Results and discussion 

The binding kinetics of the biotin-streptavidin system in association and disas- 
sociation phase can be approximated by an exponential curve for the resonant 
wavelength [28]. During the association phase, the resonant wavelength shifts 
towards the red and in the disassociation phase it shifts towards the blue [4]. 
The change in resonant wavelength during the disassociation of the streptavidin 
from the biotin are shown in Fig. 4 which is in excellent agreement with [4] . The 
change in Q during the disassociation phase is also shown which is following an 
increasing trend which makes sense as the binding and unbinding of the strep- 
tavidin will decrease and increase the overall quality factor of the microtoroid 
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(a) Frequency domain measurements 
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(b) Time domain measurements 



Figure 2: Two types of measurements (a) Minimum of one of the resonant peak 
is tracked as function of the biodetection event (b) Phase shift experienced 
by the sinusoid coming out of the microcavity is tracked as a function of the 
biodetection event. With reference to Fig. (a), black sinusoid is extracted at 
the resonant peak. 
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Figure 3: Full scan with zoom in view of FSP and BSP (a) Continuous monitor- 
ing of phase as function of disassociation of the streptavidin from the biotin (b) 
Due to limitations of the computer speed, two FSPs and BSPs are separated by 
5s respectively. 



respectively. The error signal, which is recorded with the tapered optical fiber 
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Figure 4: Experimental parameters. The curves are not smooth because each 
data point is 5s apart on each curve, a limitation of the computer used in the 
experiment. In (b), negative values signify that the resonant wavelength is 
shifting towards blue 

alone, is also shown in Fig. 5. The noise shown in Fig. 5 is significantly smaller 
than the signal shown in Fig. 3 with the minimum and maximum signal to noise 
ratios of 12dB and 15.8dB respectively. 

The results indicate successful proof of the concept for the application of PS- 
CRDS to microcavities for biosensing. The PS-CRDS biosensor simultaneously 
tracks the Q and the resonant wavelength as a function of the biodetection 
event as opposed to its frequency domain counterpart which can only track the 
resonant wavelength. In our current setup, only tracking of the Q is free from 
noise due to the intensity fluctuations. However, the performance of the sensor 
can be improved by employing a lock-in amplifier which will reduce the error 
signal to 0.01° and hence the minimum and maximum signal to noise ratios will 




200 250 300 
Time (s) 



500 



Figure 5: A typical error signal, recorded by moving the taper far away from 
the microcavity. Mean: ±0.2662°, Variance: 0.1076°, mode: ±0.3387°. Based 
upon the detected signals, (^^) = 12dB , and (f^) = 15.8dB 
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be improved to 27dB and 30dB respectively. In conventional wavelength shift 
based microcavity biosensors, minimum of the resonant wavelength is tracked by 
software. On the other hand, by use of lock-in amplifier in PS-CRDS biosensor, 
accuracy of tracking of the resonant wavelength will be improved as compared 
to the frequency domain biosensor. 

Since absorption of analytes influences the quality factor of the microtoroid, 
the PS-CRDS biosensor can also conduct such measurements in a faster (elec- 
tronics) and an intensity noise free manner. On the other hand, absorption 
measurements [7, 29] in the wavelength shift based microcavity sensors are slow 
(software) and carry noise not only due to the intensity fluctuations but also 
due to fitting of Lorentzian curves to the resonant peaks. Moreover, other noise 
mechanisms that are present in the wavelength shift based microcavity sensors, 
such as laser frequency jitter, conversion of FGi voltage to the wavelength [30], 
and shift in the resonant wavelength due to thermal fluctuations [31] are also 
minimized in the Q measurements. This observation is clear from the fact that 
these noise mechanisms will effect the location of the resonant peak whereas the 
Q measurements are independent of the peak's position (see Fig. 2b along with 
its caption, Eq. (9), and Eq. (11)). 

CRDS with free space cavities is an emerging technique for liquid phase 
applications such as liquid chromatography [32, 33]. However, such devices 
suffer from scattering and reflection losses due to the placement of the liquid 
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sample inside the cavity. In some cases [33] , liquid is in contact with the mirrors 
which degrades the mirrors over a period of time. Moreover, different mirrors 
need to be employed to meet wavelength requirements in an experiment. The 
PS-CRDS sensor demonstrated in this work can overcome the above mentioned 
difficulties and has potential to offer a compact and sensitive solution for the 
liquid chromatography applications. 

5 Conclusions 

In summary, we have combined the advantages of CRDS (high noise immu- 
nity) and microcavities (high Q, low cost and compact) to develop a sensor 
that can simultaneously track the Q and the resonant wavelength as a function 
of a biodetection event. The sensor can also provide faster results for absorp- 
tion measurements than its frequency domain counterpart. This work is also 
the first demonstration of applying PS-CRDS to microcavities for liquid phase 
applications. This PS-CRDS microcavity sensor has potential of finding wide 
applications not only in biosensing but also in analytical chemistry, pharmaceu- 
tical and agriculture sectors. 
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